HS 2325+8205 - an ideal laboratory for accretion disc physics 



S. Pyrzas 1 , B. T. Gansicke 1 , J. R. Thorstensen 2 , A. Aungwerojwit 3,4 , D. Boyd 5 , S. Brady 6 , 
J. Casares 7 ' 8 , R. D. G. Hickman 1 , T. R. Marsh 1 , I. Miller 9 , Y. Ogmen 10 , J. Pietz 11 , 
G. Poyner 12 , P. Rodriguez-Gil 7 ' 8 , B. Staels 13 

ABSTRACT 

We identify HS 2325+8205 as an eclipsing, frequently outbursting dwarf nova 
with an orbital period of P or b = 279.841731(5) min. Spectroscopic observations 
are used to derive the radial velocity curve of the secondary star from absorption 
features and also from the Ha emission lines, originating from the accretion 
disc, yielding K sec = K ahs = 237 ± 28kms _1 and K em = 145 ± 9kms _1 
respectively. The distance to the system is calculated to be 400 (+200, —140) 
pc. A photometric monitoring campaign reveals an outburst recurrence time 
of ~ 12 — 14 d. The combination of magnitude range (17 — 14 mag), high 
declination, eclipsing nature and frequency of outbursts makes HS 2325+8205 the 
ideal system for "real-time" studies of the accretion disc evolution and behaviour 
in dwarf nova outbursts. 
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Subject headings: stars 



Introduction 



Dw arf novae are a sub-class of non- (or weakly) magnetic cataclysmic variables (CVs, 



see e.g. IWarnerlll995l for a comprehensive review), in which a white dwarf primary accretes 
matter via an accretion disc, formed by material transferred through the L\ point from a 
Roche lobe-filling (near) main-sequence secondary. The defining trait of dwarf novae are 
quasi-periodical brightness changes of several magnitudes, commonly known as "dwarf nova 
outbursts". It is widely accepted that outbursts can be understood within the framework 
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200ll . for reviews of the topic). Within DIM accretion discs undergo outbursts if the mass 
transfer rate is below a critical value, M C rit- Above the CV orbital period gap0 accretion rates 
are usually larger than M crit and, as a result, only about a third of non- magnetic systems 
are dwarf novae. The situation is c ompletely diff erent below the period gap, where dwarf 



novae dominate the CV population (jShafterlll992l ) 



Dwarf novae provide the best environment to develop and test our understanding of ac- 
cretion disc structure and dyn amics, which is rele vant to a wide range of object s, such as low 



mass X-ray binaries fLMXBs. iDubus et al.ll20011). active galactic nuclei (AGN. lBurderi et al. 
1998h and young stellar objects (YSO. lBell fc Linlll994h . 



Of particular interest in this context are eclipsing dwarf novae. In these systems, the 
physical properties of the binary, such as the mass ratio, the inclination angle, the masses 
and temperatures of the component stars and the radial structure of the accretion disc 
can be determined to high precision, through studies of the eclipse features of the white 
dwarf, the bright spot (formed in the region where the mass-transferring stream meets the 



accret i on disc) and accretion disc components (see e.g. IWood et al.l 11989c iLittlefair et al. 
2006bl ; ISouthworth et alJbopgh . 



HS 2325+8205 (RA: 23 h 26 min 50.4 s , Dec: +82° 22' 12" [J 200Q], henceforth HS2325) 
was one of the systems identified in a dedic ated search for CV s (lAungwerojwit et al.l 120051 ) 
within the Hamburg Quasar Survey (HQS, Hagen et al. 19951 )). Photometric observations 
soon revealed the eclipsing nature of the system and also frequently occuring outbursts. 
An interesting historic note is that iMorgenrothl (119361 ) mentioned short-term variability of 
HS 2325, which correspondingly was included in the New Catalogue of Suspected Variable 



The orbital period range 2 h < P or b < 3 h, where only a small number of CVs are found. 
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Stars as NSV 14581 (though with rather uncertain coordinates). 



2. Observations 

We obtained photometric and spectroscopic data on HS 2325 using both large aperture 
(> lm) and small aperture telescopes. Tabled summarizes the observations conducted with 
the former. A brief account on data reduction follows. 



2.1. Photometry 



We obtained time-series photometry of HS 2325 during 17 nights throughout the period 
2003 to 2007 using 1. 2-2.5 m telescopes (T ablet]])- These observations were reduced with the 
pipeline described in lGansicke et al.l (J2004J), which employs bias- subtraction and flat-field ing 
in the standard fashion within MIDAS and uses sextractor (IBertin fc Arnoutd Il996l ) to 
perform aperture photometry. Sample light curves are shown in Fig.[TJ 

HS 2325 has been found to vary in brightness between ~ 17 th and ~ 14 th magnitude. 
Eclipses are shallow and maintain an almost constant depth, during the rise to outburst. 
The eclipses in the bright state exhibit a symmetric U-shape, typical for an accretion disc- 
dominated system. During quiescence the eclipse morphology becomes more complicated and 
reveals several breaks in slope. In addition to eclipses, the light curve of HS 2325 displays 
two further featu res: short-term, random, out-of-eclipse variations, known as "flickering" 
Bruchj |2000j) , and an "orbital hump", a bright ening just before t he start of the eclipse 



(e.g. 

attributed to the bright spot coming into view (e.g. iKrzeminskil Il965l ) 



An intensive 1.5- mo nth- long photometric campaign was conducted in 2009 to charac- 
terise the outburst behaviour of HS 2325, using small aperture (11"-14") telescopes. The 
data were reduced with aip4win and maximdl, and the resulting light curve is shown in 
Fig.EJ 



2.2. Spectroscopy 

Spectroscopic observations during the system's quiescence were obtained at the 2.4m 
Hiltner telescope at MDM Observatory on Kitt Peak, Arizona. The modular spectrograph 
and a SiTe 2048 2 pixel CCD yielded 2 A/pixel and from 4210 to 7500 A but with decreased 
sensitivity toward the ends of the wavelength range. The spectral resolution was ~ 3.5 A full 
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width at half maximum (FWHM). Reductions were performed mostly with standard IRAF 
ro utines, but we used an original implementation of the optimal extraction algorithm detailed 
by iHornd ( 119861 ) to compute one- dimensional spectra from the two-dimensional images. For 
wavelength calibration, we used a dispersion curve derived from lamp exposures in twilight, 
and corrected for nighttime drifts using the A 5577 sky line. We observed standard stars in 
twilight whenever the sky appeared clear, and used these observations to flux-calibrate the 
data. The scatter of the standard stars typically suggests that the flux calibration is uncertain 
by several tenths of a magnitude, probably due to uncalibrated losses at the spectrograph 
slit. The mean quiescent spectrum is shown in Fig. [3) The flux level of the observed spectrum 
implies a \^-band magnitude near 17.0, subject to the calibration uncertainties. 



3. Orbital Period and Ephemeris 

Mid-eclipse times (given in Tabled were determined by visually cross-correlating each 
eclipse profile with its mirror image with respect to time. This was found to produce more 
robust results than fitting a parabola to the eclipse minimum, in particular for the light curves 
with poor time resolution. We adopted the duty cycle (exposure plus readout time) of the 
corresponding observations as a conservative estimate of the uncertainty in the mid-eclipse 
times. 

Fitting a linear ephemeris to the mid-eclipse times gives 

T (HJD) = 2 452 888.42554(3) + 0.194 334 535(3) E (1) 

with mid-eclipse times calculated on a UTC timescale, i.e. an orbital period of P Q rb = 
279.841731(5) min. 



4. Secondary spectral type and radial velocities analysis 



As is typical for quiescent dwarf novae, the Balmer lines in emission are the most 
prominent features in the spectrum of HS 2325 with equivalent widths of ~ 30 and ~ 54 A for 
H/3 and Ha respectively. Hei emission is detected at 4921, 5015, and 5876 A, and Fen A5169 
as well (the features at AA 4921 and 5015 may also be blended with Fen). The absorption 
bands of an M-dwarf companion are conspicuous. To q uantify the M dw arf contribution, 
we subtracted library spectra of M dwarfs classified by iBoeshaarl (119761 ) . taken with the 
same instrument, and varied the spectral type and scaling until the M-dwarf features were 
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cancelled as well as possible. The lower two traces in Fig.[3]show the decomposition that was 
(at least subjectively) the best. From this exercise, we estimate that the companion is of 
type M3.0 ± 0.75 subclasses, and that its flux corresponds to V — 19.0 ± 0. 4 (external error, 
i nclud ing calibration uncertainties). The spectral type-period relation of ISmith fc Dhillon 
( 119981 ) (Equation 4 in their paper) for P > 4h yields Sp2 = M1.5 for the derived orbital 
period of P or b = 4.664 h, a value broadly consistent with our estimate of M 3.0 ± 0.75, as the 
rms s catter of the spectral type-period relation is 3 subtypes for P > 4 h (ISmith fc Dhillon 
1998h . 



We measured radial vel ocities of the Ha emission line using a double- Gaussian con- 
volution method outlined by ISchneider &: Young (ll980[ ); the centres of the Gaussians were 



separated by 1280kms _1 , and each individual Gaussian had a FWHM of 270 km s" 1 , com- 
parable to our spectral resolution. This emphasised the outer wings of the line profile. We 
also tried a range of separations, and found that the radial velocity amplitude and phase 
were insensitive to this parameter. To measure the ve locity of the M-dwarf component, we 
used the cross-correlation program rvsao, written by Kurtz fc Minkl ( 119981 ). For the tem- 
plate, we used a velocity-compensated composite M-d warf spectrum , comp osed by summing 
the spectra of a large number of M dwarfs for which iMarcy et al.l (119871 ) tabulate precise 
velocities. The cross-correlation region was from 6000 to 6500 A; this was chosen to include 
some strong atomic and TiO features, while avoiding emission lines. Not all the spectra 
gave usable cross- correlation velocities; we limited our analysis to those for which the formal 
velocity error was less than 35kms _1 . 

We then performed fits to the radial velocities (both absorption and Ha emission), of 
the form v(t) = 7 + K sin[(£ — T ) / P rb]- The orbital period P or b was held fixed to the 
value derived from eclipses. Because of the modest number of absorption velocities and 
their limited phase coverage, and because the absorption should trace the motion of the sec- 
ondary star fairly well, we fixed T to the mid-eclipse ephemeris when fitting the absorption 
velocities, but left it as a free parameter for the Ha emission ones. The resulting veloci- 



237(28) kins" 1 , 7 abs = -19(20) kms" 1 , K e 



145(9) km s" 1 , 



ties were K sec = K ahs 
7 em = — 42(6) kms -1 for the absorption and emission lines respectively, with the numbers 
in parentheses indicating the errors. FigureH] shows the emission and absorption velocities 
as a function of orbital phase, while Fig. shows a greyscale representation of the low-state 
spectra, as a function of phase. The upper panel of Fig. [5] is scaled to emphasize the M-dwarf 
absorption features, and to show the structure in the Hel A5876 line; the orbital motion of 
the M dwarf is clearly seen. The scaling of the lower panel brings out the complex structure 
in the Ha emission. 
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Distance 



We can estimate the distance to HS 2325 using the secondary star's contribution to the 
spectrum and our knowledge of the orbital period P or b- For a secondary star of mass M sec at 
a fixed P rb, the Roche lo be radius P? is proporti onal to M sec 1//3 , and is almost independent of 
the primary mass M WD ( Beuermann et al. 1998h . We do not know M sec , but we can estimate 
it using evolutionary models tabulated by iBaraffe fc Kolbl (120001); these suggest tha t the 
secondary is between 0.23 and 0.56 M^. At this Porh, Eq . 1 of iBeuermann et al.l (119981 ) then 
implies Ri = 0.47 ± 0.07 R Q . IBeuermann et al.l (119991 ) tabulate absolute magnitudes and 
radii for late type dwarfs as a function of spectral class, which implies a surface brightness for 
each star. In the range of spectral type we see here, these correspond to My = 8.8 ± 0.7 for a 
1R Q star, where the uncertainty includes both the spectral type uncertainty and the scatter 
among the tabulated points. Combining this with the radius yields an estimate of My = 
10.4 ± 0.8 for t he secondary. The G alactic coordinates of HS 2325 are (/, b) = (120°, 20°); 
at this location, ISchlegel et al.l (119981 ) estimate E(B — V) — 0.19 to the edge of the Galaxy. 
Assuming that our object lies outside most of the dust, and taking the M-dwarf contribution 
to the spectrum as V = 19.0 ± 0.4, then yields an extinction-corrected distance modulus of 
(m — M) = 8.0 ± 0.9, corresponding to a distance of 400(+200, —140) pc. Note carefully 
that this estimate makes no assumption that the secondary follows a main-sequence mass- 
radius relation; it assumes only that the secondary's spectral type is a reliable guide to its 
surface brightness, and that it fills its Roche lobe. 



6. Outburst behaviour 



We intensively monitored HS 2325 for about 50 days, starting from the 1st of April 
2009 using small aperture telescopes. Four outbursts have been recorded during this period, 
indicating a recurrence time of ~ 12 — 14 d. Prominent in Fig. [2] is a "long" outburst, 
lasting ~ 11 — 12 d, followed by a seemingly "short" outburst. This could be a hint towards 
a bimodal distribution of the outbur st duration, observed in many dwarf novae (see e.g. 
Szkody &: Matteilll984l ; lAk et al.ll2002l ). Further observations are required to establish a more 
accurate recurrence time and to check the consistency of the "long" and "short" outburst 
succession. 



We have inspected v7.12 (2009) of the Ritter and Kolb catalogue dRitter fe Kolbl 120031 ) 
and compiled a list of U Gem-type dwarf novae (UG) and Z Cam-type stars (ZC) that are 
found in the range 4h < P orD < 5h. Only systems with confirmed UG/ZC status and with 
a quoted outburst recurrence period were considered. This left us with a list of 22 systems 
(out of the 39 listed in R&K in this P orD range). In this list ZC systems dominate the 
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short end of the outburst recurrence period distribution (11 — 18 d), while UG systems tend 
to have longer intervals between outbursts (16 — 150 d). Our inferred outburst recurrence 
period places HS 2325 in the ZC region. However, as there has been no recorded standstill 
(the hallmark of ZC systems), its identification as either a UG or a ZC remains ambiguous. 



7. Estimates of the binary properties 



The standard treatment of eclipsing CVs (see e.g. lWood et al.lll986l . ll992l ; lLittlefair et al. 



2006al ) involves the identification of the contact points of the white dwarf, the bright spot and 
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and deduce information about the extend and location of the bright spot and the size of 
the accretion disc. Flickering can hinder attempts to identify t he contact points. Averag ing 



together many light curves is an often applied solution (see e.g. ICopperwheat et al.ll2010l . for 
the case of IP Peg) . 

Although breaks in slope are seen in the light curve of HS 2325, the available data set is 
not of sufficient quality and time-resolution to unambiguously identify the different contact 
points. Hence, the exact eclipse geometry of HS 2325 remains unclear. 

In an attempt to constrain the parameter space (albeit roughly) we have to rely on 
theoretical predictions and empirical evidence from the observed CV population, coupled 
with the limited information that can be extracted from the light curves. 



Following the procedure outlined in detail in iDhillon et al.l ( 1199 ll ) (D91) the radius of 
the accretion disc can be determined as a function of the binary separation, q and i, for 
a given eclipse half-width at maximum intensity A0 (essentially timing the first and last 
contacts of eclipse and dividing by two). was determined by eye to be A0 = 0.1 ± 0.02. 
The large error is due to the fact that the exact beginning and end of the eclipse are uncertain 
because of flickering. 

The left panel of Fig. [6] shows the disc radius Rb (in units of the distance between 
the primary and the inner Lagrangian point, Rli) calculated using Equations 3, 4 and 5 
of D91, for < q < 1 and various inclination angles. The curves are bound above by 
the requirement that Rn < R^ and below by the requirement for a partial disc eclipse, 
satisfied if the disc radius is larger than the half-cord of the secondary (shown by the change 
in line colour in the left panel of Fig. [6]). This allows us to place a strict lower limit for the 
inclination angle to be Vi n = 68°. However, the upper limit of i and the possible values of 
q remain unconstrained. 
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Using the mass function, 



WD J 



(M WD sinz) 
(M WD + M se 



1 orb- cv se< 

2ttG 



< M WD 



(2) 



we can transform a given (q, i) pair to a unique (M WD , M sec ) pair. The right panel of Figure^] 
shows Eq. |2] calculated for z min = 68° and i max = 90°, over a wide range in secondary mass, 
0.1 < M sec [M ] < 0.6. Allowed (Mym, M sec ) pairs are located between the two dash-dot 
curves. 

We can further narrow down the parameter space, by making two assumptions: 



1. The secondary follows the mass-period relation of ISmith fc Dhillonl (119981 ); their Equa- 
tions (power-law fit) yields M sec = 0.43 ± 0.07 M , while their Equation 9 (linear fit) 
yields M sec = 0.48 ± 0.07 M (Fig. El right panel, dashed horizontal lines). An average 
of these values is in perfect agreement w i th th e value of M sec = 0.45 M Q predicted by 
the revised model track of iKnigge et al.l ( 1201 ll ) for this orbital period. 



2. The radial velocity variation of the emission lines tracks the motion of the white dwarf, 
so K em = K WD = 145 ± 9kms _1 and, therefore, q = K WD /K sec = 0.61 ± 0.08 
(Fig.[6l right panel, dotted lines). 



While the latter is a frequently adopted assumpti o n in C V re search, it has t o be v iewed 
with a certain amount of caution, see e.g. IShafterl ( 119831 ) and iThorstensenl (120001 ) . An 
encouraging fact in the case of HS 2325 is that the phasing of the emission lines is consistent 
with the eclipse ephemeris. The constraint on q imposes a narrower range of inclination 
angles 70° < i < 81° (Fig.EJ left panel, dashed vertical lines). If these assumptions are 
indeed correct, then the allowed (M WD , M sec ) pairs are indicated as the grey shaded area in 
the right panel of Fig.|6j 



8. Discussion and Conclusions 

In this paper, we identified HS 2325+8205 as an eclipsing, frequently outbursting dwarf 
nova above the CV orbital period gap and presented our photometric and spectroscopic data. 
We used these data to measure the orbital period and the radial velocity of the secondary 
star, as well as provide initial estimates on the binary parameters. With the photometric 
data at hand it remains unclear whether the white dwarf is fully eclipsed or not. The 
shallow eclipse depth could suggest that it is not eclipsed at all. High time resolution and 
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signal-to-noise data at quiescence are needed in order to unambigously identify the eclipse 
geometry. 

The short outburst cycle of ~ 12 — 14 d makes HS 2325 a plausible Z Cam-type candi- 
date. If_cjmfirj^<h_it will be only the third known eclipsing Z C am system, after EM Cyg 



(e.g. iNorth et al.l l2000l and references therein) and AYPsc (e.g. iGiilsecen et al.ll2009l . and 
references therein). 

HS 2325, with its high declination (circumpolar, ideal for observers in the northern hemi- 
sphere), short outburst recurrence period and magnitude range (accessible with 2-4m class 
telescopes) offers an excellent target for systematic follow-up observations. Simultaneous 
high-time resolution photometric and spectroscopic observations can provide unique insight 
in the ch anges in the structure of the accretion disc, through techniq ues such as eclipse 
mapping (lHornelll985f ) and Doppler tomography (IMarsh &: Horndll988l ). 



Furthermore, the outbursts of HS 2325 can be picked-up with relative ease by small 
aperture telescopes enabling the accumulation of a very long baseline of outburst data, 
which can then be compared to the predictions of the disc instability model. We strongly 
encourage observers from around the world to frequently monitor the system and put the 
Z Cam-type scenario to the test. 
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Table 1. Log of the observations with large aperture (> lm) telescopes. Given is the run 
ID, the date of observation, the start and end of observation in HJD, the telescope and the 
filter (photometry) or grating (spectroscopy) used. "Frames" denotes the number of frames 
collected, "Eel" the number of eclipses observed, "Mag" the out-of-eclipse magnitude and 
"Depth" the eclipse depth in magnitudes. Information about the telescopes and 
instruments used is provided at the bottom of the Table. 



ID 


Date 


HJD 


range a 


Telescope 


Filter/Grating 


Exp. time 

[s] 


Frames 


Eel. 


Mag. 


Depth 
[mag] 


01 


2003 Sep 05 


2888.255 


- 2888.518 


KY b 


clear 


30 


646 


1 


14.9 


0.4 


02 


2004 Jun 10 


3167.429 


- 3167.467 


KY 


clear 


30 


90 





15.1 




03 


2004 Jun 11 


3168.413 


- 3168.593 


KY 


clear 


30 


390 


1 


15.7 


0.8 


04 


2004 Jun 12 


3169.451 


- 3169.569 


KY 


clear 


30 


270 





16.1 




05 


2004 Jul 25 


3212.455 


- 3212.607 


KY 


clear 


30 


389 


1 


16.0 


0.8 


06 


2004 Jul 27 


3214.298 


- 3214.573 


KY 


clear 


30 


693 


2 


16.2 


0.8 


07 


2004 Oct 21 


3300.212 


- 3300.493 


KY 


clear 


20 


997 


2 


16.4 


0.8 


08 


2004 Oct 22 


3301.213 


- 3301.478 


KY 


clear 


20 


897 


1 


15.9 


0.7 


09 


2004 Oct 23 


3302.214 


- 3302.457 


KY 


clear 


20 


858 


1 


14.6 


0.4 


10 


2005 Sep 05 


3619.333 


- 3619.546 


CA22 C 


clear 


10 


572 


1 


14.4 


0.4 


11 


2005 Sep 11 


3624.727 


- 3624.804 


HT d 


600 1/mm 


360/480 


17 








12 


2005 Sep 12 


3625.649 


- 3625.909 


HT 


600 1/mm 


360/480 


31 








13 


2005 Sep 15 


3629.599 


- 3629.668 


NOT c 


clear 


4 


564 


1 


17 


0.7 


14 


2005 Sep 16 


3630.550 


- 3630.715 


NOT 


clear 


4 


1308 


1 


16.5 


0.6 


15 


2006 Aug 23 


3971.321 


- 3971.621 


KY 


clear 


30 


727 


1 


14.5 


0.4 


16 


2006 Oct 28 


4037.248 


- 4037.504 


KY 


clear 


30 


595 


1 


16.3 


0.8 


17 


2007 Jan 24 


4124.604 


- 4124.610 


HT 


600 1/mm 


360/480 


2 









a Start to end of observation, in the format HJD -2450000. 
b 1.2m Kryoncri telescope (KY), CCD SI-502, 516x516, FOV 2.5'x2.5' 
c 2.2m Calar Alto telescope (CA22), CAFOS, CCD SITc 2kx2k, FOV 16'xl6' 
d 2.4m Hiltner Telescope (HT), CCD SiTe 2kx2k 

°2.5m Nordic Optical Telescope (NOT), ALFOSC, CCD EEV42-40 2kx2k, FOV 6.5'x6.5' 
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Table 2. Mid-eclipse times and their errors, the difference between observed and 
computed eclipse times and the cycle number using the ephemeris provided in Eq.[TJ Times 
are calculated on a UTC timescale and given in the format HJD — 2450000. 



To 


Error 


O-C 


Cycle 


To 


Error 


O-C 


Cycle 


To 


Error 


O-C 


Cycle 


[HJD] 


[HJD] 


N 




[HJD] 


[HJD] 


M 




[HJD] 


[HJD] 


[8] 




2888.425480 


0.000405 


-6 





4320.476770 


0.000463 


3 


7369 


4940.598350 


0.000463 


10 


10560 


3168.461560 


0.000405 


-4 


1441 


4335.440630 


0.000463 


12 


7446 


4941.375690 


0.000775 


10 


10564 


3212.575440 


0.000405 


-9 


1668 


4358.371920 


0.000463 


-4 


7564 


4941.569840 


0.000463 


-6 


10565 


3214.324580 


0.000405 


2 


1677 


4379.360110 


0.000463 


1 


7672 


4942.347170 


0.001157 


-7 


10569 


3214.518890 


0.000405 


-0 


1678 


4393.352210 


0.000463 


2 


7744 


4942.541460 


0.000463 


-11 


10570 


3300.220510 


0.000289 


7 


2119 


4451.458200 


0.000810 


-1 


8043 


4943.513250 


0.001157 


-0 


10575 


3300.414840 


0.000289 


7 


2120 


4510.535910 


0.000463 





8347 


4944.485020 


0.001157 


8 


10580 


3301.386470 


0.000289 


3 


2125 


4524.527990 


0.000810 


-1 


8419 


4945.456530 


0.001157 


-6 


10585 


3302.357990 


0.000289 


-10 


2130 


4544.544400 


0.000463 


-5 


8522 


4945.650900 


0.000660 


-3 


10586 


3619.512060 


0.000231 


-1 


3762 


4560.479940 


0.000810 


5 


8604 


4945.845190 


0.000660 


-7 


10587 


3629.617580 


0.000116 


10 


3814 


4927.383490 


0.000775 





1049 


4946.428210 


0.001157 


-6 


10590 


3630.589230 


0.000116 


8 


3819 


4933.602120 


0.000810 


-6 


1052 


4947.399870 


0.000775 


-7 


10595 


3971.452040 


0.000405 


11 


5573 


4934.573920 


0.000810 


i 


1052 


4948.371720 


0.000660 


8 


10600 


4037.331340 


0.000405 


2 


5912 


4935.351320 


0.000775 


10 


1053 


4963.529620 


0.000810 


-8 


10678 


4289.577510 


0.000463 


-3 


7210 


4935.545640 


0.001007 


8 


1053 


4964.695730 


0.000810 





10684 


4312.508950 


0.000463 


-6 


7328 
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Fig. 1. — Sample light curves of HS2325. Top panel: filterless KY observations, from 
September 5, 2003 (ID01), with the system on the rise to outburst. Middle panel: filterless 
KY observations, from July 27, 2004 (ID06), with the system in an intermediate state, 
Bottom panel: filterless NOT observations, from September 15, 2005 (ID13), with the system 
in quiescence. 



I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

5 10 15 20 25 30 35 40 45 

Time [days] since 20090401 

Fig. 2. — The result of the outburst monitoring campaign for HS2325. Four outbursts have 
been recorded in 50 days. Points in light grey indicate the system being in eclipse. 
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Fig. 3. — Top trace: Mean quiescent spectrum of HS 2325. Bottom trace: A library spectrum 
of the M3 dwarf Gliese 436, scaled so that it has an apparent V-band magnitude of ~ 19.0. 
Middle trace: The HS 2325 spectrum minus the scaled M-dwarf. 
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HS 2325+8205 — Absorption and Emission Radial Velocities 
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0.5 1 1.5 2 

Phase 

Fig. 4. — Radial velocities of HS 2325 in the quiescent state, plotted as a function of orbital 
phase. The open circles show the Ha emission and their formal uncertainties, and the solid 
dots show the cross-correlation velocities of the M dwarf. There is a gap in coverage at 
0.25 < < 0.42, and only some of the spectra yielded usable absorption velocities. The 
dashed curve shows the best fit to the emission velocities, with P or b fixed but T , K, and 
7 allowed to vary. For the absorption velocity fit (solid line), the To was held fixed to the 
eclipse phase, K and 7 were adjusted. 
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HS 2325+8205 - Phase-Averaged Spectrum 
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Fig. 5. — Greyscale representation of the low-state spectra, presented as a function of orbital 
phase. The data are repeated for a cycle to preserve continuity. The two panels show the 
same data, but differ in the choice of greyscale limits. The horizontal blank bars are holes 
in the phase coverage. To create the figure the spectra were first rectified and cleaned of 
remaining cosmic ray hits; each line of the figure is a weighted average of spectra nearby in 
phase to the line's nominal phase, the weights being computed using a narrow gaussian. 
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Fig. 6. — Left panel: Accretion disc radius, in units of [-RlJ, as a function of q and i; the 
curves are bound below - grey coloured - by the requirement of a partial disc eclipse, while 
the vertical dashed lines correspond to a spectroscopic constraint on q (see text for details). 
Right panel: constraints on the masses of the binary components; Eq.[2] plotted for i = 
68°, 90° (dash-dot curves) and i = 7 0°, 81° (solid curves), con straints on the secondary mass 
assuming the mass-period relation of ISmith &: Dhillonl (119981 ) (dashed lines) and constraints 
on the mass ratio q assuming K em = K WD (dotted lines). Shaded in grey is the allowed 
parameter space, under the previous assumptions (see text for details). 



